Abstract Recently, Hilhorst (2000) presented a theoretical model describing a linear relationship between bulk electrical conductivity, o 0 , and dielectric constant, K", in moist soil. Hilhorst (2000) found that using this linear relationship, measurements of the pore water electrical conductivity, a p , can be made in a wide range of soil types without soil-specific calibrations. If accurate measurements were to be made, only one parameter had to be optimized. In the present study, the linear model was evaluated using detailed time-domain reflectometry (TDR) measurements in coarse sand, medium sand and loamy sand. It was shown that the measured slope of the linear model was lower than expected. A reason for this might be that the K a of the pore water is smaller than that of free water due to the presence of bound water. The results showed that the linear model was as good as other commonly used models for o,, predictions. Key words time-domain reflectometry; electrical conductivity; dielectric constant; Sigma probe Evaluation du modèle linéaire constante diélectrique -conductivité électrique grâce à la réflectométrie en domaine temporel Résumé Récemment, Hilhorst (2000) a présenté un modèle théorique décrivant la relation entre la conductivité électrique volumique o" et la constante diélectrique K" pour un sol humide sous la forme d'une relation linéaire. Hilhorst (2000) a mis en évidence que, grâce à cette relation linéaire, les mesures de la conductivité électrique de l'eau des pores a,, peuvent être réalisées sur une large gamme de sols sans calibration particulière pour chaque sol. Si les mesures devaient être précises, seul un paramètre devait être optimisé. Dans cette étude, le modèle linéaire a été évalué grâce à des mesures par réflectométrie en domaine temporel (TDR) dans des sables grossier, moyen et riche en matière organique. La pente du modèle linéaire obtenue est plus faible que prévu. Une explication possible peut être que la valeur de K" est plus faible pour l'eau des pores que pour l'eau libre, à cause de la présence d'eau liée. Les résultats montrent que le modèle linéaire est aussi bon que d'autres modèles couramment utilisés pour l'estimation de rj,,.
INTRODUCTION
In various applications in hydrology, soil science and agriculture there is a need for accurate measurements of water content and solute concentration. The time-domain reflectometry (TDR) technique was introduced in soil science in the beginning of the 1980s by Topp et al. (1980) . They used TDR for measuring the dielectric constant (K a ) of soils in order to calculate the water content (0). Topp et al. ( 1980) used a third-order polynomial equation for the relationship between K a and 8. Dalton et al. (1984) were
Open for discussion until I October 2002 the first to relate the attenuation of the TDR signal to bulk electrical conductivity (a a ). The measurement of the electrical conductivity can be used for investigating soil salinity, or it can be related to the concentration of certain solutes. Several studies have shown the applicability of TDR in water and solute concentration experiments (e.g. Kachanoski et al., 1992; Risler et al., 1996; Persson & Berndtsson, 1998b; Persson et al, 2000) .
The c" of the soil depends on both the electrical conductivity of the pore water (<5 P ) and G. Thus, the a p can only be predicted if 0 is constant, or if the relationship between a p , a a , and 0 is determined. Several different models of the o p -~o a -~Q relationship have been developed (e.g. Rhoades et al., 1976; Mualem & Friedman, 1991; Persson et al., 2001) . However, these models have several drawbacks. For example, the <y p -G a -Q relationship is highly dependent on soil type, requiring detailed soilspecific calibration experiments. Recently, Hilhorst (2000) presented a new dielectric sensor. This sensor uses a linear model between K a and o p . He showed that the linear model was valid for several different soil types at 9>0.1 m'm'. This approach is appealing since the need for soil-specific calibration is significantly reduced. The dielectric sensor presented by Hilhorst (2000) is different from TDR instruments, however, the linear model should also be applicable to TDR measurements.
The objective of this study is to evaluate the linear model presented by Hilhorst (2000) for TDR measurements. Both previously published and new data from coarse sand, medium sand and loamy sand were used.
THEORY
The TDR instrument sends a short rise-time electromagnetic pulse through a probe buried in the soil. The pulse is reflected at the end of the probe and the travelling time (t) of the pulse can be measured. Topp et al. (1980) introduced the apparent dielectric constant, K a , which can be estimated by:
where c is the velocity of an electromagnetic wave in free space and L is the length of the TDR probe. The dielectric constant is about 80 for water (at 20°C), 2-5 for dry soil, and 1 for air. Therefore, K a is highly dependent on 6. Dalton et al. (1984) were the first to show that the attenuation of the TDR trace can be used to calculate c". Nowadays, TDR has become a frequently used tool for simultaneous measurements of 0 and a".
The linear Op-<V-8 model
The bulk electrical conductivity, o a , of moist soil is influenced by the following parameters; the electrical conductivity of the pore water (G P ), the water content (0), the tortuosity of the electrical flow paths depending on the geometry of the soil matrix, and the serially-coupled surface conductivity of the soil particles. Several different models have been developed for the a,,-a a -Q relationship, e.g. Rhoades et al. (1976) , Mualem & Friedman (1991) and Heimovaara et al. (1995) . All these models contain one or several soil-specific parameters. Malicki et al. (1994) and Malicki & Walczak (1999) where S is the sand content in % by weight. Inspired by this work, Hilhorst (2000) recently presented a theoretically based linear 0,,-0,-G relationship:
where K p is the dielectric constant of the pore water and K" is the K a value when o a = 0 (see Hilhorst, 2000 for details) . However, the parameter K" is not the K a value of dry soil, but appears as an offset of the linear relationship between o a and K a . Since the K a -G u relationship deviates from equation (3) at low 9, the K a of dry soil is lower than K". Hilhorst (2000) found that the parameter K" depends on the soil type and that it was in the range of 1.9-7.6 for the soils used in his study. This value has to be determined experimentally for each soil type; however, a value of 4.1 should fit most soils. It should be noted that in Hilhorst (2000) , K a , K p and K" represent the real part of the dielectric constants only. However, Heimovaara et al. (1994) concluded that the TDR-measured K a represents the real part of the complex dielectric constant at the highest effective frequency of the TDR setup. Thus, equation (3) should be applicable to TDR measurements. Hilhorst (2000) found that equation (3) was valid in most soils when 0 was higher than about 0.10 m J m" J . Below this limit, the o a~Ka curve should theoretically deviate from equation (3) and become nonlinear. However, this was not verified experimentally in the study by Hilhorst (2000) .
MATERIALS AND METHODS

TDR measurements
Three different data sets were used in this study. The first data set consists of 287 measurements of o" and K" in sand wetted with water of different electrical conductivity (0). This data set was obtained during a detailed calibration in a cylinder using medium sand with a particle diameter of 0.3-0.5 mm. The 0 value ranged from 0.43 to 4.82 dS m\ Further details can be found in Persson (1997) . The second data set was originally presented by Persson & Berndtsson (1998b) . Measurements of 0" and K a were taken in a loamy sand (80% sand, 16% silt, 4%> clay) collected in Lôddekôpinge, Sweden. Oven-dried soil was packed into two cylinders. Water with 0 values of 2.62 and 4.16 dS m" 1 was added to the cylinders at increments of about 0.03
, starting at about 0.20 nr m""\ The last data set was obtained by taking <s a and K a readings in a Plexiglass box packed with a coarse sand with a particle diameter of 1 mm. Sand and water were mixed and were then packed into the box. After the TDR measurements were taken, the box was emptied and a new mix of water and sand was repacked into the cylinder. The water had an electrical conductivity of 2.42 dS m" . The water content ranged from 0 to 0.35 m J m°. For all three data sets, TDR measurements were made using a Tektronix 1502C metallic TDR cable tester (Beaverton, Oregon, USA). Three-rod probes were used, which were 0.2 m long and had a wire spacing of 0.05 m (Soilmoisture Equipment Corp., Santa Barbara, California, USA). Temperature corrections of the o" measurements were made according to Persson & Berndtsson (1998a) . The standard deviations of K a and a a measured at each combination of o p and 0 were about 0.015 and 0.0008, respectively.
Data analysis
For each value of a p , the relationship between K a and a a was plotted. The slope and offset of the K a -o a relationship was determined by linear regression. By rearranging equation (3), the slope can also be calculated theoretically; K a = K p -aja p + K," i.e. slope = K p /a p . The value of the offset K" was also obtained as a fitting parameter when the slope was fixed, assuming that K p equals the dielectric constant of free water at the specific temperature. Finally, a "global" value of K" was determined using all data from each soil type using the theoretical slope. This value was then used in equation (3) to calculate a p .
RESULTS AND DISCUSSION
In Fig. 1 , typical data are shown for the medium sand. It can be seen that the data follow the linear relationship well. In Table 1 , a summary of the regression analysis for all samples can be found. Table 2 contains a summary of the analysis when the slope was kept constant according to equation (3). A strong linear relationship between a a and K a is found for all samples. In the medium sand and the loamy sand, the parameter K" was significantly different (at the 0.01 level) for different values of <5 P . Table 1 ). The solid line represents equation (3) with K" as a best-fit parameter (see Table 2 ). Furthermore, there is a somewhat increasing (but not significant) trend of K" as a,, increases. This could not be seen in the original study by Hilhorst (2000) , because he only presented one value ofK» for each soil type. The reason for this is not fully understood; one explanation could be that the a value of the bound water contributes to the serially-coupled o that does not depend on 6. However, when the slope was kept constant according to equation (3), the fitted value of K" was more or less constant with a.
In Fig. 2 , all measurements in the coarse sand are presented. Below a certain threshold value of K a , equation (3) is not valid. This threshold K a value is soil-specific and depends on the amount of bound water present in the soil. For the coarse sand this K, value was 5. Below this value, the K a -C a curve bends to reach the K a value for dry soil, where the o cl is close to 0. This bending is clearly evident in Fig. 2 . This behaviour was predicted by Hilhorst (2000) , although it was not apparent in his data set.
An interesting feature of the data presented in Tables 1 and 2 is that the measured values of the slopes are lower than predicted by equation (3). Although not mentioned, this was also the case in the study by Hilhorst (2000) . In his Fig. 2 , the slope for glass beads is given as 18.32 m dS^1 when a ; , = 4dSm" 1 ; since his measurements were carried out at 20°C, the theoretical slope should be 20.09 m dS"
1 . The slopes were not given for the other soil types, so it is unclear if this deviation was present in all (3) with K" as a best-fit parameter (see Table 2 ) excluding the data points with AT U < 5.
measurements. One explanation of this phenomenon could be that the value of K p is lower than that of free water. Interaction between water molecules and the soil particles leads to less rotational freedom and, thus, lower K p . The fitted slope (Table 1) can be used for calculation of K p . The value for the medium sand was calculated as 65 and for the loamy sand, 57. In the coarse sand, however, the calculated K p was equal to that for free water. Since the amount of bound water is proportional to the specific surface, these calculations consolidate the bound water theory. Perhaps equation (3) could be improved by setting K p as a function of the specific surface, similar to the work presented by Friedman (1998) . The empirical model of Malicki & Walczak (1999) did not give good results for the soils used in the present study. The slope of the K a -a a relationship was consistently overestimated (and almost equal to K p /o p ) and the intercept underestimated using equation (2), with the exception of the coarse sand, for which equation (2) gave fairly good results. The reason for the failure of equation (2) is probably due to differences in experimental procedures and instrumentation. It is interesting to note, however, that using equation (2), both the slope and the intercept are dependent on the soil type, as they are functions of the sand content. A higher sand content will give a higher value of the slope and a lower value of the intercept. In the model by Hilhorst (2000) only the intercept is soil type dependent.
All data from each soil type were also used for fitting a "global" value of K" covering all o p values used. The resulting K" and r values are presented in Table 3 . The fit was good in the medium sand, but for the loamy sand the fit was poor. Since only one c r value was used in the coarse sand, the results for this soil type are the same Table 3 Results from the optimization of the parameter K" for all a P used and a fixed slope (iÇ/o,,) according to equation (3 True 0 p [dS rrr 1 ] Fig. 3 The pore water electrical conductivity (o ;) ) calculated using equation (3) vs the true o" for the three different soil types.
in Tables 2 and 3 . Using the "global" K 0 value, all measured K cl and a" values were used in equation (3) value for all data in Fig. 3 was 0.9710. The results are good; however, the scatter seems to be rather high at high values of <j p . If the K" parameter was set to 4.1, a value suggested by Hilhorst (2000) to fit most soil types, the value of r decreased to 0.8329. However, it is interesting to note that if the measurements in the medium sand at 0 P =4.82 dS m" 1 were discarded, r~ increased to 0.9189 using K" = 4.1. Thus, it seems that errors associated with the overestimation of the slope are as large as, or larger than those associated with choosing the incorrect K (> value.
The data set collected in the medium sand has previously been used for testing different c p -c a -Q models (Persson, 1997; Persson et al, 2001) . Equation (3), with a calibrated value of K", gives similar r~ and root mean square error (RMSE) values to the models presented by Rhoades et al. (1976) , Mualem & Friedman (1991) and Heimovaara et al. (1995) . These models contain between one and three soil-specific parameters. Only two other entirely empirical models containing several fitting parameters proved to be significantly better than equation (3) (Persson et al., 2001 ).
SUMMARY AND CONCLUSIONS
The electrical conductivity of the soil pore water may be evaluated from the K u -<5 a relationship. Several models of this relationship have been presented (e.g. Rhoades et al., 1976; Mualem & Friedman, 1991; Heimovaara et al., 1995; Malicki & Walczak, 1999; Persson et al., 2001) . Recently, Hilhorst (2000) presented a new dielectric sensor for determination of pore water electrical conductivity, a p . He also developed a theoretical model describing a linear relationship between bulk electrical conductivity, <T", and dielectric constant, K a . Hilhorst (2000) found that using this linear relationship, Op measurements could be made in a wide range of soil types without soil-specific calibrations. If accurate measurements were to be made, only one parameter, K 0 , had to be optimized.
In the present study, the linear model was applied to K a and a u measurements taken by TDR in medium sand, coarse sand, and loamy sand. In all soils, there was a strong linear relationship between o u and K a . However, the measured slope of this relationship was smaller than that predicted by the linear model. This was especially true in the loamy sand. A reason for this might be that the value of K p is smaller than that of free water due to the presence of bound water. Another interesting observation was that the offset of the a a -K a relationship was increasing when G p increased. However, this was not the case when the slope was set to the theoretical value. The reason for this is not fully understood; one explanation could be that the o of the bound water contributes to the serially-coupled cr that is not dependent on 6.
When K" was optimized for all data from each soil type, one model capable of G P measurements for all values of a,, was obtained. The results showed that equation (3) was as good as other commonly used models presented by Rhoades et al. (1976) , Mualem & Friedman (1991) , and Heimovaara et al. (1995) with similar r and RMSE. Since equation (3) only contains one fitting parameter and due to the fact that it can be used in different soil types, the results presented in this study are encouraging. However, additional measurements in several different soil types are required to fully evaluate this model.
